A small population of neurons in the hypothalamus is known to promote food intake by releasing inhibitory agouti-related peptide (ARP) and neuropeptide Y to broad postsynaptic areas. Acute ablation of ARP neurons in adult mice leads to rapid loss of appetite and the development of an anorexic phenotype. Recent studies have suggested that ablation of ARP neurons removes critical inhibition of postsynaptic neurons, resulting in hyperexcitation of selected downstream neurons. Left uncontrolled, this neuronal hyperactivation is hypothesized to induce starvation. However, the cellular mechanism underlying the control of excitability of postsynaptic neurons in response to the ablation of ARP neurons is poorly understood. The present study aimed to determine the functional correlation between ARP neurons and an immediate early gene, early growth response factor-1 (Egr1), in postsynaptic neurons in the context of energy homeostasis. Egr1 expression levels were analyzed in different postsynaptic areas upon acute ablation of ARP neurons. As ARP neurons increase appetite by inhibiting the pro-opiomelanocortin pathway, it was also investigated whether blockade of melanocortin signaling affects Egr1 expression in ARP neuron-ablated mice. The results suggested that ablation of ARP neurons induced robust expression of Egr1 in numerous common postsynaptic targets of ARP and pro-opiomelanocortin neurons. When ARP neurons were acutely ablated, it was demonstrated that Egr1 induction was attenuated by chronic blockade of the melanocortin signaling pathway in the arcuate nucleus, but not in other downstream regions. Further analysis of the Egr1 signaling cascade may aid in differentiating the functional involvement of postsynaptic targets of ARP neurons in the control of energy metabolism.
Introduction
Agouti-related protein (ARP) is an orexigenic peptide that modulates appetite and energy balance (1) . ARP-expressing neurons also produce neuropeptide Y (NPY) and the inhibitory neurotransmitter GABA (2, 3) . ARP stimulates robust feeding behavior when injected into the 3rd ventricle or directly into the paraventricular nucleus (PVN) or dorsomedial hypothalamic nucleus (DMH) (1, 4) . Its mRNA level increases in the arcuate nucleus (ARC) under starvation conditions, as well as in obese animals deficient in leptin signaling (5) (6) (7) (8) . Several groups have devised strategies whereby ARP neurons are ablated to investigate their involvement in body weight regulation (9) (10) (11) (12) . One such strategy has been used in adult mice and has demonstrated that ARP neuron ablation leads to the inhibition of feeding behavior (10) . In this ablation technique, diphtheria toxin receptors (DTR) were targeted under the control of the Agrp promoter to ensure exclusive expression of DTR in ARP neurons (9, 10) . Diphtheria toxin (DT) was then administered to adult mice, leading to the ablation of the neurons over the next few days. This treatment led to a significant loss of body weight and the mice were shown to have developed anorexia (9, 10) . Studies have suggested that ablation of ARP neurons removes NPY and GABA-mediated inhibition of postsynaptic neurons, leading to hyperexcitation of selected downstream brain regions and the induction of starvation behavior (13) . However, the cellular mechanism underlying the excitability of postsynaptic neurons in response to ablation of ARP neurons is poorly understood.
The immediate early gene, early growth response factor-1 (Egr1), is a transcription factor that regulates transcriptional responses to cell stimulation in a variety of neurons and other cells. It is rapidly induced by stimuli, such as growth factors or cell depolarization (14, 15) . Constitutive expression of Egr1 has been identified in certain types of neurons (16) . In vagal afferent neurons, it has been demonstrated that cholecystokinin (CCK) stimulates the redistribution of Egr1 to the nucleus, and leptin stimulates Egr1 expression (17) . Egr1 induces the expression of the gene encoding the satiety neuropeptide, cocaine-and amphetamine-regulated transcript (CART), in the nodose ganglion, which leads to the inhibition of food intake (17) .
The present study aimed to determine the functional association between appetite-controlling ARP neurons and Egr1 in postsynaptic neurons. Egr1 expression levels were investigated in different brain regions following acute ablation of ARP neurons. As ARP neurons promote appetite in part through inhibiting the pro-opiomelanocortin (POMC) pathway (2, 3, 18) , it was also investigated whether blockade of melanocortin signaling affects Egr1 expression in ARP neuron-ablated mice. It was demonstrated that the death of ARP neurons was associated with robust activation of Egr1 expression in selected brain regions. In addition, it was suggested that Egr1 may induce a novel signaling cascade in postsynaptic neurons that mediates the feeding response and energy balance.
Materials and methods
Animal maintenance. Mice were housed in a temperature-and humidity-controlled environment with a 12-h light/dark cycle. All experimental protocols and animal handling procedures were performed according to the protocol approved by the Institutional Animal Care and Use Committee of the Central South University (Changsha, China). Agrp DTR mice and A y mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). The Agrp DTR mice were generated by targeting a human DTR cDNA to the Agrp locus of mice to allow the selective killing of ARP neurons in adult mice by administration of DT. Administration of DT resulted in reliable loss of food consumption and body weight (9, 10) . The A y mice express agouti protein ectopically in virtually all tissues, including the brain (19) . Agouti protein antagonizes the action of α-melanocyte stimulating hormone (α-MSH) binding to melanocortin 4 receptors (MC4Rs) and thus prevents melanocortin signaling via Gαs-coupled receptors on postsynaptic cells (18 To ablate ARP neurons, systemic injection of DT (two injections of 50 mg/kg; Sigma Aldrich, St. Louis, MO, USA) was performed in 9-week-old mice (9, 10) .
In situ hybridization. Brains were sectioned (coronal, 25 µm thickness) and used for in situ hybridization with Egr1 probes according to the manufacturer's instructions (Roche, Mannheim, Germany). Materials and detailed procedures concerning the data generation process (riboprobe production, in situ hybridization, image capture and processing) have been described previously (20) . Briefly, an antisense Egr1 oligonucleotide probe was used for in situ hybridization. Tissue sections were postfixed in 4% formaldehyde/phosphate-buffered saline (PBS), rinsed in PBS and acetylated in 0.25% acetic anhydride/0.1 M triethanolamine. Hybridization in a solution containing a saturating concentration (~28 kcpm/µl) of radiolabeled probe was conducted at 65˚C for 18 h. Coverslips were removed in 4X standard sodium citrate and non-specifically bound probe was removed by treatment with RNase (Sigma-Aldrich) for 30 min. Sections were run through stringency washes of 1X saline sodium citrate (SSC) buffer and 0.5X SSC at 37˚C and 0.1X SSC at 42˚C.
Sections were then dehydrated, air-dried and exposed to Kodak BioMax X-ray film (Kodak Inc., Rochester, NY, USA) for 3 days along with microscale 14C standards (GE Healthcare, Little Chalfont, UK).
Statistical analysis. Quantification of Egr1-positive cells was conducted using ImageJ software (National Institutes of Health, Bethesda, MA, USA). Anatomical correlations of brain sections and delineation of individual nuclei were determined by comparing landmarks of Nissl staining images with those provided in the Paxinos stereotaxic atlas (21) . From the anatomically matched sections, a region of interest of the same size was further defined. In addition, an optimized threshold that discerns round Egr1-positive nuclei from partially stained ones and background noise was preset for all measurements. The total number of pixels of Egr1-positive cells inside the defined region was recorded. Unless otherwise stated, data were analyzed using one-way analysis of variance followed by a post-hoc Student-Newman-Keuls test. Data are presented as the mean ± SEM. P<0.05 was considered to indicate a statistically significant difference.
Results

Ablation of ARP neurons by administration of DT induces Egr1 in the ARC.
A human DTR cDNA was targeted to the Agrp locus of mice, which allowed the selective killing of ARP neurons in adult mice by administration of DT. Administration of DT has been shown to result in reliable loss of food consumption and body weight (9, 10) . The cell bodies of all ARP neurons located in the ARC were shown to be completely ablated by DT treatment (9, 10) . In situ hybridization showed that Egr1 expression was robustly induced in the ARC of Agrp DTR mice following DT treatment ( Fig. 1E and F, and Fig. 2A ). In contrast, DT treatment in wild type (WT) and pair-fed mice exhibited no effect on Egr1 expression (Fig. 1A-D and Fig. 2A) . Fig. 2A ).
Induction of Egr1 in the ARC
Ablation of ARP neurons induces Egr1 in other regions of the brain. Egr1
expression was also analyzed in other brain regions that receive dense projections from ARP neurons. DT-treated Agrp DTR mice showed significant Egr1 induction in a number of these downstream areas, such as the PVN, medial preoptic area (MPO), hippocampal dentate gyrus (DG), lateral septum (Fig. 2B-F and Figs. 3-7 ). This suggests that melanocortin signaling does not contribute to Egr1 induction and excitability of postsynaptic neurons in these regions.
Disscussion
ARP is an orexigenic peptide that stimulates robust feeding, following intracerebroventricular administration (1) or direct injection into the PVN or DMH (4). Ablation of ARP neurons in adult mice inhibits feeding behavior and results in starvation within a short period of time (9, 10) , indicating that ARP neurons are essential for normal body weight regulation. Within the central nervous system (CNS), ARP is expressed exclusively in a small population of neurons located in the ARC that also co-release NPY and GABA (2) . However, the molecular and cellular mechanisms underlying the orexigenic effect of ARP neurons are still poorly understood and currently under investigation (22) . In the present study, it was demonstrated that the ablation of ARP neurons markedly induced Egr1 expression in the majority of known targets of POMC and ARP neurons, indicating that the loss of ARP neurons leads to disinhibition of postsynaptic neurons, which eventually results in anorexia. Egr1 has been observed to stimulate CART expression in certain types of neurons (17, 23) . CART peptides are widely distributed in the CNS and are known to suppress food intake (24, 25) and stimulate Fos expression in a number of brain areas when administered centrally (26, 27) . Leptin-induced Egr1 expression has been shown to increase the sensitivity of vagal afferent neurons to CCK, thereby inhibiting food intake (17, 27) . Therefore, it was suggested that Egr1-induced CART expression and hypersensitivity to CCK was responsible, at least partially, for the anorexia phenotype in ARP neuron-ablated mice, although functional analysis of the ARP neural circuitry is required to test this hypothesis.
POMC neurons in the ARC produce α-MSH, an anorexigenic peptide that activates MC4Rs on postsynaptic cells (18) . Activation of this melanocortin pathway inhibits feeding and stimulates metabolism. Studies have suggested that ARP neurons counteract the POMC signaling pathway by directly inhibiting POMC neurons via GABA release (28) and antagonizing the binding of melanocortin to MC4R (18) . In the results of the present study, Egr1 induction in the ARC was attenuated in mice with an A y genetic background when ARP neurons were ablated. This indicated that profound Egr1 expression in the ARC induced by ablation of ARP neurons is mediated through the melanocortin pathway. By contrast, other downstream regions that ARP neurons project to demonstrated no change in Egr1 induction under A y background, suggesting that other unknown signaling pathways are responsible for Egr1 induction in these regions. In conclusion, the results suggested that the deletion of ARP neurons leads to robust induction of Egr1 expression in the majority of common target regions of ARP and POMC neurons. The induction of Egr1 is dependent on the melanocortin signaling pathway in the ARC, but not in other downstream regions in the brain. It was suggested that Egr1 induction may be involved in the central control of appetite mediated by ARP neurons. Further analysis of the Egr1 signaling cascade is required to elucidate the function of postsynaptic targets of ARP and POMC neurons in the control of energy metabolism, which may be therapeutically beneficial.
